Plants and soil microorganisms interact closely in the rhizosphere where 65 66 67 68
47
plants may exchange carbon (C) for functional benefits from the microbial community. 48
For example, the bioenergy crop, switchgrass (Panicum virgatum) is thought to 49 exchange root-exuded C for nitrogen (N) fixed by diazotrophs (free-living N-fixers). 50
However, this interaction is not well characterized and it is not known how or if 51 switchgrass responds to diazotrophs or their activity. To explore this question, we 52 assessed rhizosphere metabolite chemistry of switchgrass grown in a hydroponic 53 system under two N levels and under inoculated or uninoculated conditions. We found 54 switchgrass root exudate chemistry to be more responsive to N availability than to 55 diazotroph presence. Total metabolite concentrations were generally greater under high 56 N versus low N and unaffected by inoculation. Examination of rhizosphere chemical 57 fingerprints indicates metabolite chemistry was also driven strongly by N availability with 58 a greater relative abundance of carbohydrates under high N and greater relative 59 abundance of organic acids under low N. We also found evidence of changes in 60 rhizosphere chemical fingerprints by inoculation treatment suggesting a potential for 61 switchgrass to respond or even recruit diazotrophs. However, we found little evidence 62 of N treatment and inoculation interaction effects which suggests switchgrass response 63 to diazotroph presence is not mediated by N availability. 64
Introduction 70
Plants and soil microorganisms interact closely in the rhizosphere, where roots 71 exude a variety of compounds including carbohydrates, organic acids, and amino acids, 72 which influence the rhizosphere environment and the microbes that live there (Bertin et as the ability of the rhizobiome to fix nitrogen (N). We explored this question using the 84 interaction between switchgrass (Panicum virgatum) and the known diazotroph (free-85 living N-fixing organism), Azotobacter vinelandii DJ, hereafter AV. 86
Switchgrass, a perennial C4 grass native to North America, is a promising 87 cellulosic bioenergy crop favored for its high biomass production and climate change 88 mitigation potential (Robertson et al. 2017 Switchgrass-diazotroph interactions present a unique system for exploring plant 104 response to rhizobiome functional capacity given their known association and high 105 potential for switchgrass to benefit from FLNF carried out by diazotrophs. 106
In this study, we explored the interaction between switchgrass and AV under high 107 and low N conditions. High N should be less favorable than low N for FLNF as 108 increasing N availability is shown to generally downregulate FLNF (Reed et al. 2011; 109 Smercina et al. 2019). We predicted that there would be observable rhizosphere 110 metabolite changes in response to N availability and diazotroph presence. We first 111 hypothesized that switchgrass root exudation would be greater under low N than high N 112
conditions as switchgrass attempts to recruit and support diazotrophs and that this 113 response will be amplified by the presence of diazotrophs. Second, we hypothesized 114 that root exudates under low N, particularly when inoculated, would be dominated by C 115 sterilize seeds, ~250 seeds were placed in three, loosely capped 5 ml tubes inside a 123 desiccator. In a fume hood, seeds were exposed to chlorine gas for 5.5 hours. Chlorine 124 gas was generated by adding 3 ml of concentrated hydrochloric acid to 100 ml of 8.25% 125 sodium hypochlorite. Seedlings were pre-germinated from sterile seeds on sterile filter 126 paper in Petri dishes moistened with sterile Milli-Q water (Millipore, Burlington, MA, 127 USA). Petri dishes of sterile seeds were incubated in the dark at 30°C for 5 days. Test 128 tubes were prepared for planting with four Whatman #114 cellulose filter papers (GE 129
Healthcare Life Sciences, Chicago, IL, USA) rolled into a ring inside the test tube such 130 that roots would always grow between two layers of filter paper. Filter paper and test 131 tubes were washed 3 times with HPLC-grade methanol prior to planting to remove 132 potential contaminants and then autoclaved. Working inside a sterile biosafety cabinet 133 with flame-sterilized forceps, one sterile switchgrass seedling was transplanted between 134 two layers of filter paper in each test tube. After transplanting, 15 ml of a ¼ strength 135 treatments and with/without plants) were inoculated with 1 ml of 107 CFU ml-1 AV 154 suspended in ¼ Hoagland's solution described above. AV inoculum was cultured in LB 155 broth at 24 ˚C for ~16 hours until optical density (OD600) reached 0.1, corresponding to 156 107 CFU ml-1 in exponential phase. AV cultures were then centrifuged at 3220 * g for 5 157 minutes, supernatant was discarded, and then cultures were resuspended in the same 158 were then grown an additional 3 days, with and without AV. This resulted in 4 treatment total of 72 tubes (9 tubes per treatment). Sterility of all tubes was confirmed prior to 163 inoculation by plating nutrient solution from each sample onto TY agar plates (5 µl 164 each). Plates were placed in a 30 ˚C incubator for 3 days and then examined for growth. 165
Sample harvest. Plant biomass and metabolite samples were harvested three 166 days after inoculation. All harvest work was done in a sterile laminar flow hood with 167 flame sterilized equipment. The porous membrane of each tube was removed and then 168 the filter paper containing a seedling was carefully removed from the tube. Shoot 169 biomass was clipped and root systems were carefully excised from the filter paper. 170
Shoot and root biomass were dried at 60˚C for at least three days to determine above-171 and belowground biomass, respectively. All nutrient solution from the bottom of the tube 172 was transferred to a 50 ml conical tube. The filter paper was placed on 3 sterile pipette 173 tips inside the same 50 ml tube and then the tube was centrifuged at 1610 * g for 5 174 minutes to collect residual solution from the filter paper. The solution was then 175 transferred to a 15 ml conical tube and centrifuged at 3220 * g to pellet debris. Finally, 176 the supernatant from 3 replicates per treatment group was collected and pooled for 177 analysis, resulting in a total of 24 samples for NMR analysis, including 12 background 178 control samples. Due to microbial contamination in one tube, only 2 samples were 179 pooled for low N seedling treatment replicate 3. Samples were frozen at -80 ˚C until 180 lyophilization. Correlations of the dissimilarity matrix and compound group concentrations were carried 213 out using the vegan tool envfit. We calculated 95% confidence ellipses for PCoA using 214 dataEllipse in the car package (R version 3.6.0; Fox and Weisberg 2018). 215
216
Results 217
Metabolite concentrations. We successfully collected and analyzed the 218 metabolite profiles of switchgrass and switchgrass with AV grown in a sterile, semi-219 hydroponic system. We detected and identified 34 rhizosphere metabolites representing 220 eight compound groups including alcohols, amino acids/amino sugars, carbohydrates, 221 cholines, ketones, nucleic acids, organic acids, and quinones (Table 1 ). Total measured 222 rhizosphere metabolite concentration (nmol detected metabolite g-1 dry material) was on 223 average 2x greater for high N plants than low N plants (F = 10.89, p = 0.0109; Fig. 1A) . 224
Though not significant, there was a trend towards greater detected metabolite 225 concentrations with inoculation (F = 3.56, p = 0.0961; Fig. 1B ). There was no significant 226 interaction effect of N treatment and inoculation on total measured rhizosphere 227 metabolite concentration. 228 treatments and inoculation treatments (Table S1) . Arabinose, fructose, glucose, glycine, 230 lactate, and methanol were all significantly greater under high N and were not impacted 231 by inoculation (Table S2 ). In contrast, lysine and uracil were significantly greater when 232 plants were inoculated (p = 0.0043 and p < 0.0001, respectively) and were not impacted 233 by N availability. Some compounds also had interactions between N treatment and 234 inoculation, including allantoin, betaine and valine ( Fig. 2 ; Table S2 ). Allantoin was 235 greatest when plants were under high N and inoculated with no significant differences 236 between high N, low N, or low N with inoculation ( Fig. 2A , p < 0.0001). Betaine was also 237 greatest in the high N with inoculation treatment followed by low N with inoculation, low 238 N, and finally high N ( Fig. 2B , p = 0.0123). Valine was greatest under low N without 239 inoculation and high N with inoculation with no significant differences between high N 240
and low N with inoculation ( Fig. 2C , p < 0.0001). 241
We also explored differences in concentration of compound classes across N 242 and inoculation treatments (Table S3 ). Total concentration (nmol g-1 dried material) of 243 alcohols and carbohydrates were significantly greater under high N (p = 0.0033 and p = 244 0.0009, respectively) while total choline concentrations were significantly greater under 245 low N (p = 0.0055). Total amino acid and nucleic acid concentrations were greater when 246 plants were inoculated with AV than when uninoculated (p = 0.0481 and p = 0.0038, 247 respectively). 248
Relative abundance. Because of differences in total metabolite concentration 249 between N treatments, we also compared relative abundance of metabolite compound 250 groups between N treatments ( Fig. 3 ; Table S3 ). High N samples were dominated by 251
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Carbohydrates only represented 8.1% of detected C compounds in low N samples. We 253 found low N samples to be dominated by organic acids with over 42.2% of detected C 254 compounds represented by this group. Overall, high N samples had a greater 255 abundance of carbohydrates (p = 0.0001) compared to low N samples. Low N samples 256 had a greater abundance of cholines (p=0.0008) and organic acids (p = 0.0029) 257 compared to high N samples. Carbon compounds detected in low N samples were more 258 evenly distributed across compound groups with few differences between compound 259 groups. Relative abundance of nucleic acids (p = 0.0144) was found to be significantly 260 greater in inoculated rhizospheres. Similarly, amino acids relative abundance showed a 261 marginal response (p = 0.0667), trending towards greater abundance with inoculation. 262
Relative abundance of carbohydrates (p = 0.0382) was also significantly impacted by 263 inoculation and was greater in uninoculated rhizospheres. 264
Rhizosphere metabolic fingerprint. We also examined the rhizosphere 265 metabolite "fingerprints" based on relative abundance of all identified compounds in 266 each sample (Table 1) . Principal coordinates analysis (PCoA) shows fingerprints were 267 driven by N treatment (R2 = 0.31096, p = 0.0004, Fig. 4 ) and inoculation (R2 = 0.16805, 268 p = 0.0199), with no significant interaction. Environmental factor analysis indicates that 269 spatial distribution in the PCoA is significantly correlated with carbohydrate (R2 = 270 0.7142; p = 0.005) and choline (R2 = 0.5931; p = 0.029) concentrations and marginally 271 correlated with organic acid concentrations (R2 = 0.4854; p = 0.055). 272 Plant Biomass. We found differences in shoot biomass by N treatment (p = 273 0.00503), but no differences in root biomass by N treatment (p = 0.259; Fig. 5 ). Shoot no differences in shoot or root biomass by inoculation treatment. 276 277
Discussion 278
Our results indicate that N availability exerted more control over rhizosphere 279 metabolites than diazotroph presence. N availability was the main driver of total root 280 exudation with high N plants exuding 2-fold greater total detected C compounds. We 281 also found high N availability resulted in 2.5x greater shoot biomass while root biomass 282
was not significantly different between N treatments, suggesting that increased 283 exudation may be the result of greater photosynthetic activity and aboveground 284 productivity rather than increased root biomass. We found no differences in shoot or 285 root biomass with inoculation treatment, however this may indicate that roots were not 286 exposed to inoculation long enough to see a large response in growth. Total metabolite 287 concentration also did not show a response to inoculation. This was surprising as we 288 hypothesized that switchgrass would increase exudation under low N in order to recruit 289 and/or support diazotrophs. We also hypothesized that inoculation would further 290 increase the differences in exudation by N treatment, but found no such result for total 291 exuded C compounds. It is important to note that plants in our study had a short 292 exposure to diazotrophs (i.e. 3 days) which may have limited any detectable responses 293 in C quantity to diazotroph presence. Further, we were unable to assess inoculum 294 survival and therefore, there is potential for reduced survival of the inoculum which may 295 have also limited detectable responses to diazotroph presence. However, total quantity 296 of exuded C may not be as important to diazotroph activity as C chemistry (Smercina et 297 al. 2019) and indeed in this study, we find that changes in metabolite chemistry provide 298 more insight into the switchgrass-diazotroph interaction than total exuded C. 299
Consistent with our second hypothesis we found that low N rhizospheres had a 300 greater relative abundance of organic acids compared to high N rhizospheres. Organic 301 acids are the preferred C source of many diazotrophs and are often used to isolate the ability of switchgrass to support diazotrophs through increased exudation of 305 preferable C sources. However, we found no significant differences in organic acid 306 concentration or relative abundance with inoculation or N*inoculation effects indicating 307 that any changes in organic acid exudation by switchgrass may not be directly in 308 response to diazotroph presence. We also found high N rhizospheres were dominated 309 by carbohydrates with over 55% of detected metabolites coming from this compound 310 group, while carbohydrates represented just over 8% of metabolites detected in low N 311 rhizospheres. We did not find any significant differences in carbohydrate concentration 312 by inoculation treatment or N*inoculation effects, but found uninoculated rhizospheres to 313 have a greater relative abundance of carbohydrates than inoculated rhizospheres. 314
These observed differences in carbohydrate concentrations by N treatment most likely 315 resulted from greater photosynthetic activity in the high N plants which had greater 316 aboveground biomass rather than a response to diazotroph presence. Interestingly, the 317 differences in carbohydrate relative abundance by inoculation treatment may indicate 318 that AV was actively consuming exuded carbohydrates. Although there is evidence that 319 organic acids are a preferable C source for some diazotrophs, including AV (Mukhatar 320 difference in organic acid relative abundance by inoculation treatment). 322
Using the relative abundance of all compounds, we generated rhizosphere 323 metabolite profiles, or "fingerprints." Exploring differences in fingerprints is likely to 324 provide the most information about plant-diazotroph interactions by allowing us to 325 directly compare overall differences in metabolite chemistry across treatments. We 326 found that fingerprints differ significantly between N treatments and inoculation 327 treatments, but with no significant interaction between the two. A lack of fingerprint 328 response to the interaction of N treatment and inoculation indicates that switchgrass 329 response to diazotroph presence was not influenced by N availability, even though 330 metabolite chemistry responded to changes in N and diazotroph presence 331 independently. We also find that overall metabolite profiles are correlated with 332 carbohydrate and choline concentrations and marginally with organic acid 333 concentrations. Collectively, these results tell us that switchgrass may respond to 334 reduced N availability by attempting to recruit diazotrophs (i.e. increased organic acid 335 exudation). Though we find no strong evidence in this study that switchgrass is directly 336 supporting diazotrophs, we do find evidence for potential pathways for direct 337 switchgrass-diazotroph interaction. 338
Concentrations of most compounds in our study showed no significant response 339 to inoculation treatment, thus limiting evidence for direct switchgrass-diazotroph 340 interaction. However, we did find responses in both uracil and lysine concentrations, two Collectively, the presence of allantoin, betaine, and valine suggest plants may have 392 been responding as if osmotically stressed, though this response was altered by N 393 availability and inoculation. 394
In conclusion, our findings indicate that switchgrass rhizosphere metabolite 395 chemistry is more responsive to N availability than presence of a diazotroph inoculum. 
